proposed that some of the MXenes will be topological insulators (TIs). Up to now, all of the predicted TI MXenes belong to transition metal carbides, whose transition metal atom is W, Mo or Cr. Here, on the basis of first-principles and Z 2 index calculations, we demonstrate that some of the MXene nitrides can also be TIs. We find that Ti 3 N 2 F 2 is a 2D TI, whereas Zr 3 N 2 F 2 is a semimetal with nontrivial band topology and can be turned into a 2D TI when the lattice is stretched. We also find that the tensile strain can convert Hf 3 N 2 F 2 semiconductor into a 2D TI. Since Ti is one of the mostly used transition metal element in the synthesized MXenes, we expect that our prediction can advance the future application of MXenes as TI devices.
I. INTRODUCTION
At the beginning, graphene was proposed as a two-dimensional (2D) topological insulator (TI) [1] [2] [3] [4] [5] [6] [7] . Unfortunately, the band gap of graphene is too tiny to be measured experimentally. Later on, the observation of topological quantum states (TQSs) was realized in a 2D quantum well of HgTe/CdTe 8, 9 . This experimental achievement boosted the quick rising of the field of TIs. For example, the idea of band topology was extended to three-dimensional (3D) systems and other symmetry protected TQSs [10] [11] [12] [13] [14] . Recently, the band topology in metals, 15 including the topological Dirac semimetal [16] [17] [18] [19] , Weyl semimetal [20] [21] [22] [23] [24] [25] [26] , and node-line semimetal [27] [28] [29] [30] has also been intensively studied. Many of materials with TQSs were firstly predicted by theoretical calculations before the experimental confirmations 7, 31 . 2D TIs are particularly useful in applications because they are expected to host quantum spin Hall effect (QSHE) with one-dimensional helical edge states. The electrons in such edge states have opposite velocities in opposite spin channels, and thus the backscattering is prohibited as long as the perturbation does not break the time-reversal symmetry. Such helical edge states are expected to serve as "two-lane highway" for dissipationless electron transport, which promises great potential application in low-power and multi-functional spintronic devices.
Compared with the number of well characterized 3D TI materials, fewer 2D TIs have been experimentally discovered 7, 32 . The quantum wells of HgTe/CdTe 9 and InAs/GaSb Properly tailoring materials with a single or any combination of the above may lead to more and better 2D topologically insulating MXenes.
In this paper, by using first-principles calculations, we predict that functionalized MXenes Ti 3 N 2 F 2 and Zr 3 N 2 F 2 have nontrivial band topology: the former is a 2D TI and the latter is a semimetal which can be turned into a 2D TI by the tensile strain. We also predict that Finally, the paper is concluded in Sec. IV.
II. COMPUTATIONAL DETAILS
Calculations are performed by Vienna ab initio simulation package (VASP), within the Perdew-Burke-Ernzerhof (PBE) version of the GGA functional for exchange correlation [69] [70] [71] .
The SOC is taken into account self-consistently. The cut-off energy is 520 eV for plane wave As shown in Fig. 1(b) , the chemical functional groups can occupy possibly three different sites, indicated by A, B, and T, on each surface. Therefore, there are six structurally possible configurations which should be considered, as listed in Table I . The atomic positions and lattice vectors for these six different configurations are fully optimized and the total energies of the optimized structures are summarized in Table I . The calculations reveal that the MXene with BB-type fluorine functionalization has the lowest energy.
The space group of BB-type Ti 3 N 2 F 2 is P3m1, and there are two inequivalent types of Ti atoms: the inner Ti atomic layer and the outer Ti atomic layers. The Wyckoff position of the inner Ti atom is 1a and it is the origin of the primitive cell. The Wyckoff position of the outer Ti atoms is 2d and the corresponding coordinates are (1/3, 2/3, z) and (1/3, 2/3, z).
Since there is no report of the successful experimental synthesis of 2D Ti 3 N 2 F 2 in the literatures yet, the phonon dispersion spectrum of the BB structure is calculated to confirm the structural stability. As shown in Fig. 1(c) , all phonon frequencies are positive, indicating that the structure is dynamically stable.
B. Electronic Structure of Ti
Next, we examine the electronic structure of Ti 3 N 2 F 2 with the optimized atomic structure obtained above. As shown in Fig. 2(a) , if the SOC is not considered, the lowest conduction band and the highest valence band touch each other at the Γ point exactly at the Fermi energy. They are two-fold degenerate and characterized by the irreducible representation E g . The PBE calculations with the SOC show in Fig. 2 (b) that Ti 3 N 2 F 2 may be semimetal with slightly having compensated electron and hole Fermi pocket. However, as shown in Fig. 2(b) , the more accurate calculations using HSE06 with the SOC show that Ti 3 N 2 F 2 is an insulator.
Given the fact that the primitive cell of Ti 3 N 2 F 2 possesses the inversion symmetry and 
where ξ n (k i ) is +1 (−1) for even (odd) parity of the nth occupied band (not including the Kramers degenerate partner) at time reversal invariant momentum k i , and N is the number of occupied bands (counting only one of the Kramers degenerate pairs). Since Ti 3 N 2 F 2 possesses a hexagonal lattice, the time reversal invariant momenta k i are the Γ point at k=(0,0,0) and the three M points at k=(0,0.5,0), (0.5,0,0), and (0.5,0.5,0). Investigating the parities of the occupied bands at the Γ and M points, we find that δ(Γ) = −1 and δ(M ) = 1, and thus the Z 2 invariant ν is 1. Therefore, we can conclude that Ti 3 N 2 F 2 is a 2D TI with a band gap as large as 0.05 eV within the HSE06 calculation.
The band inversion plays an important role in the nontrivial band topology. As we will discuss in the following, the band inversion in Ti 3 N 2 F 2 is not ascribed to the SOC. It is known that the order of energy bands may change upon applying strain to convert TIs into trivial insulators and vice versa 35, 36, 74 . Next, we calculate the energy bands of Ti 3 N 2 F 2 in the presence of compressive and stretching strain. For simplicity, we assume that the space group does not change with the strain, but the corresponding atomic structures are fully optimized. Figure 4(a) shows the results when the lattice constant is compressed by 12%. We find that the band with A 2u symmetry at the Γ point shift downwards in energies upon increasing the compressive strain, and eventually it becomes occupied and locates below the bands with E g symmetry at ∼ 10% of the compressive strain [see Fig.4(c) ]. This implies that the topological property of the energy bands changes greatly because δ(Γ) = 1.
As shown in Fig. 4(b) , when the lattice is stretched about 12%, we find a Dirac-like dispersion with the Dirac point at the Fermi energy along the Σ axis (the axis connecting the Γ and M points). This Dirac point is due to the accidental degeneracy 79 and indeed the SOC opens the gap as large as 0.02 eV [see Fig. 4(d) ]. The point group along the Σ axis is C s , whose symmetry is lower than the symmetry at the Γ point. According to the compatibility relation, the doubly degenerate bands with E g symmetry at the Γ point is split into non-degenerate bands with A and A symmetries along the Σ axis, where the band with A symmetry is higher in energy than that with A symmetry, as shown in Fig. 4(b) .
Note also that the energy band with A 1g symmetry at the Γ point becomes the band with A symmetry along the Σ axis. The stretching of the lattice moves the band with A 1g symmetry upwards and, around 5% stretching, its energy becomes higher than that of the bands with E g symmetry, as shown in Fig. 4(c) . At the same time, the A band, originating from the A 1g band at the Γ point, crosses the A band, branched off from the E g bands at the Γ point, along the Σ axis, forming the Dirac point at the Fermi energy. As shown in Fig. 4(d) , the SOC lifts this accidental degeneracy by opening the gap. Since the A 1g and E g bands have the same parity, the exchange of their ordering does not change the topological property, and Ti 3 N 2 F 2 is still a TI.
Finally, the edge states of Ti 3 N 2 F 2 nanoribbon are studied. The nanoribbon is made by cutting it along the a axis [see Fig. 1(a) ]. Fig. 6(b) , and find that ν is 1. Therefore, Zr 3 N 2 F 2 has the same band topology as Ti 3 N 2 F 2 . If the lattice is compressed as large as 3%, indicated by the red arrow in Fig. 6 (e), the band with A 2u symmetry at the Γ point becomes lower in energy than the bands with E g symmetry [see Fig. 6 (c) for the energy band under 5% compression]. As a result, the band topology changes because δ(Γ) is now +1.
On the other hand, if it is stretched, the band with A 1g symmetry at the Γ point moves upward in energy, whereas the bands with E g symmetry moves downward, and the order of these bands is eventually exchanged when the stretch strain exceeds 4% [indicated by the 9 blue arrow in Fig. 6(e) ]. At the same time, the Dirac-like dispersion appears along the Σ axis. For example, the band structure with 7% stretching is shown in Fig. 6(d) . This is analogous to the case of Ti 3 N 2 F 2 discussed above. The accidental degeneracy of the Dirac point is lifted by introducing the SOC and thus the stretched Zr 3 N 2 F 2 becomes a TI. For instance, in the case of 7% stretching, the SOC opens the band gap as large as 0.05 eV [see Fig. 6(f) ].
The energy band of Hf 3 N 2 F 2 is shown in Fig. 7 . As opposed to Ti 3 N 2 F 2 , we find that Hf 3 N 2 F 2 is a trivial insulator because the band with A 2u symmetry at the Γ point is occupied, while the bands with E g symmetry is unoccupied [see Fig. 7(a) ]. However, by applying the stretching strain as large as 5%, the band inversion occurs among the bands with A 2u and E g symmetries. As shown in Fig. 7(b) , the band with A 2u symmetry shifts upwards and becomes unoccupied, whereas the bands with E g symmetry are now the valence bands.
Therefore, the stretched Hf 3 N 2 F 2 has a nontrivial band topology. The band gap opens in the presence of SOC and can be as large as 0.1 eV within the HSE06 calculations with 5%
of the stretching strain [see Fig. 7(c) ].
D. The stabilities with the tensile strains
To confirm the stabilities of Ti 3 N 2 F 2 , Zr 3 N 2 F 2 and Hf 3 N 2 F 2 in the presence of different tensile strains, it is straightforward to calculate their phonon spectra, respectively. The calculated phonon spectra are shown in Fig. 8 . We find that these compressed and stretched structures can be stable in the range as we have discussed previously, because they have all positive frequencies. Our results are consistent with the measurements that MXene flakes are highly flexible materials with excellent tensile and compressive strengths 58, 88 . However, for Ti 3 N 2 F 2 , we plotted the result with 8.5% stretching in Fig. 8(d) , and one phonon branch, as indicated by the arrow, underwent a drop to the low frequency at K point. By further stretching, Ti 3 N 2 F 2 is not stable because the vibrational branch with imaginary frequencies can be found.
The modulation of the tensile strain in experiments is still a challenge. Different methods and techniques have been proposed to realize it. For example, the tensile tests were preformed by gluing MXene films onto supporting paper frames 88 . It is reported that by introducing polyvinyl alcohol (PVA) films, the tensile strength was improved significantly 88 .
However, the experimental observation of our prediction with different tensile strains is still an open question.
IV. CONCLUSIONS
Previously, we have proposed that the functionalized transition metal carbides M 2 CO 2 (M=W, Mo, and Cr) and M 2 M C 2 (M = Mo, W; M = Ti, Zr, Hf) are 2D TIs 68, 75 . Based on the first-principles calculations, here we have found that the topological property can be extended to functionalized nitride MXenes, such as Ti 3 N 2 F 2 and Zr 3 N 2 F 2 . Although Hf 3 N 2 F 2 is a trivial insulator, it can be converted into a TI by strain. Their response to the strain indicates that these materials are promising candidates as future nano devices and strain sensors. Because of the easier production process by a selective chemical etching method, hosting QSHE at ambient condition, the high stability and antioxidant upon exposure to air, and consisting of environmental friendly elements, we expect that our finding will stimulate further experimental studies. 
